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Identification of Subunits Required for the Catalytic Activity

of the F,-ATPase
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F,(2B) complexes containing equimolar ratios of the « and f subunits have been shown to
function as active ATPases, whereas individually isolated o and f subunits show no real
ATPase activity. These results indicate that the single-copy subunits are not required for
F,-ATPase activity. The minimal F;(«f)-core complexes exhibit, however, lower rates and
some different properties from those of their parent whole F, or o; ;7 complexes. It is therefore
concluded that for obtaining a full spectrum of the characteristic functional properties of an
F;-ATPase the presence of the F, -y subunit is also required. The implications of these findings
on the subunit location of both catalytic and noncatalytic nucleotide binding sites is discussed.
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1. INTRODUCTION

The F,-ATPase is the catalytic sector of the mem-
brane-bound proton-translocating FyF, ATP syn-
thase-ATPase complex. It is an oligomeric complex
composed of five different subunits with a stoichiome-
try of oy f;y0¢ that is able to hydrolyze ATP in its
isolated, soluble state. This complex structure hinders
studies aimed at elucidating its catalytic site(s) and
mechanism of action. Various methods have therefore
been developed for the isolation of single subunits or
partial complexes in their native, active state. They
provide simpler experimental systems for detailed stu-
dies of the number and properties of substrate binding
sites, characterization of catalytic activity, and recon-
stitution of minimal catalytic complexes.

This article summarizes recent studies on in-
dividual subunits and several partial complexes that
have been isolated from membrane-bound F,-
ATPases of spinach chloroplasts and R. rubrum chro-
matophores. It also includes a brief comparison of
their properties with those of similar preparations
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isolated from nonphotosynthetic aerobic bacteria.
For fields that are not covered here and for more
comprehensive reviews, the reader should refer to
other minireviews in this issue and to recent review
articles (Ysern et al., 1988; Boyer, 1989; Futai et al.,
1989; Senior, 1990; Penefsky and Cross, 1991).

2. ISOLATION AND PROPERTIES OF
INDIVIDUAL a AND § SUBUNITS

Isolation of native F,a and/or § subunits has
been achieved by different approaches. One involves
partial or complete dissociation of the F, complex into
its individual subunits. Complete dissociation fol-
lowed by isolation and purification of either the major
three or all five subunits was reported for EcF, from
E. coli (Futai, 1977), TF, from thermophilic bacterium
PS3 (Yoshida et al., 1977), and StF, from S. typhi-
murium (Hsu et al., 1984), respectively. With chloro-
plast CF, only a partial dissociation was achieved. It
enabled the isolation of CF, f but not of CF,« or CF,y
(Richter et al., 1986).

The second approach involves selective removal,
by incubation with LiCl followed by LiBr, of in-
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dividual subunits or partial complexes from the mem-
brane-bound F,-ATPase. In R. rubrum chromato-
phores sequential removal, isolation, and purification
of the RrF,f and y subunits was achieved, leaving
fully reconstitutable f-less and pf,y-less chromato-
phore membranes (Philosoph et al., 1977; Khanan-
shvili and Gromet-Elhanan, 1982). Incubation of thy-
lakoids from various plants with LiCl in presence of
MgATP resulted in a more complicated pattern of
removed CF, subunits (Avital and Gromet-Elhanan,
1990; Avni et al., 1991). Further fractionation of the
spinach LiCl-extract led to isolation and purification
of CF,p as well as of a CF,(af) complex containing
equal amounts of the « and f subunits (Avital and
Gromet-Elhanan, 1991; see Section 3 below).

The genetic approach developed in E. coli has
recently been applied for the isolation of large quan-
tities of individual F, subunits by cloning and overex-
pression of their genes (Futai et al., 1988). This techni-
que has already been used also for isolation of the
major TF, a, §, and y subunits (Ohta et al., 1988). It
is very promising especially since it enables the ap-
plication of site-directed mutagenesis for studying the
role of specific amino acid residues in substrate bind-
ing and catalytic activity.

Mitochondrial, bacterial, and recently also spi-
nach chloroplast F,-ATPases were found to have six
nucleotide binding sites (Penefsky and Cross, 1991;
Shapiro et al., 1991) that reside in their & and f sub-
units. These findings together with their o5 f, stoic-
hiometry led to the suggestion that each of these
subunits contains a single nucleotide-binding site.
These sites were designated as catalytic or noncatalyt-
ic according to their exchangeability with medium
nucleotides, and since nucleotide affinity probes were
shown to label the § subunits of many F,-ATPases
under conditions that led to loss of activity, the cat-
alytic sites were assumed to be located on the f sub-
units.

Direct binding studies with labeled ATP or ADP
have indeed revealed the presence of a single Mg-
independent nucleotide-binding site on the isolated
EcF,o« (Dunn and Futai, 1980) and also on EcF,f
(Issartel and Vignais, 1984). Similar direct labeling
tests with subunits isolated from other sources yield-
ed, however, different results. In TF,« a single, but
Mg-dependent, ADP-binding site was reported
whereas in TF,f a single Mg-independent site was
observed (Hisabori ef al., 1986). In isolated RrF, 8
such direct binding studies have identified two dif-
ferent binding sites for either ATP (Gromet-Flhanan
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and Khananshvili, 1984) or ADP (Khananshvili and
Gromet-Elhanan, 1984), one being Mg-independent
and the other Mg-dependent. These results questioned
the validity of the proposed model of a single binding
site on each o and f§ subunit. To accommodate these
findings with the overall number of six nucleotide
binding sites per F, molecule, one of the two nucleo-
tide binding sites on the § subunit, the Mg-indepen-
dent site, has been suggested to reside at an interface
between the o and f§ subunits (Gromet-Elhanan and
Khananshvili, 1984).

Further evidence for this suggestion came from
2Pi binding tests, which revealed only one Mg-depen-
dent Pi binding site on RrF,f (Khananshvili and
Gromet-Elhanan, 1985a), and from the effect of
chemical modification of RrF,f by diethyl pyrocar-
bonate and Woodward’s reagent K (Khananshvili
and Gromet-Elhanan, 1985b). Both reagents did not
affect the binding of ADP to both sites on RrF, § nor
its capacity to rebind to f-less chromatophores, but
inhibited completely the Mg-dependent binding of Pi,
the binding of ATP to its Mg-dependent site, and the
capacity of the modified rebound RrF,f to restore
ATP synthesis in the reconstituted chromatophores.
These results have thus identified the Mg-dependent
ATP and Pi binding site on RrF, § as the catalytic site
and the Mg-independent site, which is located at the
interface between the o and f§ subunits, as the non-
catalytic one (Khananshvili and Gromet-Elhanan,
1985b). More recent studies on the photolysis of 2-azi-
doadenine nucleotides bound at either catalytic or
noncatalytic sites on MF,, EcF,, and CF, have in-
dicated that the S subunit was labeled in all cases
(Boyer, 1987). These findings thus provide additional
support for our model suggesting the presence of at
least parts of the adenosine moiety of both nucleotide-
binding sites on the F,f subunit and the possible
sharing of one of them by both the « and § subunits
(Futai et al., 1989; Penefsky and Cross, 1991, see also
Section 4 below).

All isolated, pure o and f§ subunits were reported
to have either no measurable (Futai, 1977; Yoshida et
al., 1977; Philosoph et al., 1977; Avital and Gromet-
Elhanan, 1991) or very low ATPase activity, which
required more than 10 hours of incubation for its
assay (Roux-Framy et al., 1987; Al-Shawi ez al., 1990).
Even the TF,« and f subunits, which were obtained
by cloning and overexpression and found to be more
active than those prepared from dissociated TF,
(Kagawa et al., 1989), were reported to have no mean-
ingful ATPase activity (Miwa and Yoshida, 1989).
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Also isolated purified CF,ff containing about 5% of
CF,a showed no measurable ATPase activity (Richter
et al., 1986; Avital and Gromet-Elhanan, 1991). Fur-
thermore, earlier reported higher ATPase activities in
isolated RrF, § (Harris et al., 1985) and CF, f (Frasch
et al., 1989) have been suggested as due to contamina-
tion by RrF, o (Al-Shawi et al., 1990) or by a non-CF, -
ATPase (Avital and Gromet-Elhanan, 1991).

The reported inability of all isolated F,« and §
subunits to catalyze ATP hydrolysis by themselves
was not due to their isolation in an inactive form, since
they were able to reconstitute either membrane-bound
or soluble F,-ATPase activity. Thus, isolated RrF,f
was shown to reconstitute S-less R. rubrum chromato-
phores and restore their ATP synthesis and hydrolysis
activities to the same extent (Philosoph et al., 1977;
Khananshvili and Gromet-Elhanan, 1982). Also pure
EcF, f (Gromet-Elhanan et al., 1985) and CF, § con-
taining ~ 5% of CF,« (Richter et al., 1986; Avital and
Gromet-Elhanan, 1991) were capable of reconstitut-
ing the f-less R. rubrum chromatophores and forming
hybrid membrane-bound active F,-ATPases. These
hybrids could, however, catalyze only very low rates
of ATP synthesis.

The isolated F, o and f subunits of EcF, (Futai,
1977), TF, (Yoshida et al., 1977), and StF, (Hsu et al.,
1984) were all found capable of reconstituting native
or hybrid (Futai et al., 1980; Hsu ef al., 1984) soluble
F,-ATPase activity when recombined in presence of
the isolated F,y subunits (see, however, Section 3).

3. ISOLATION AND PROPERTIES OF F, («f)
COMPLEXES

Earlier experiments seemed to indicate that an
asymmetric structure is a prerequisite for F;-ATPase
activity, since the minimal combination of isolated
subunits reported to reconstitute a stable active AT-
Pase was either a; 5,y or a, ;0 (Futai, 1977; Yoshida
et al., 1977). In all cases, a tenfold lower ATPase
activity was observed with reconstituted mixtures of
only a and § subunits, but a stable (xf) complex has
not been isolated.

Recently, however, active F,-ATPase complexes
containing only TF, or CF, « and f subunits have
been isolated (Kagawa ef al., 1989; Miwa and Yosh-
ida, 1989; Avital and Gromet-Elhanan, 1991). The
TF, (2f) complexes were prepared from a 1: 1 mixture
of individually overexpressed « and f subunits, which
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assemble in the absence of nucleotides and Mg+ into
an o, ff; complex (Miwa and Yoshida, 1989; Kagawa
et al., 1989). In the presence of nucleotides and Mg
this a4, hexamer was shown to dissociate into o, f5,
dimers, which are also active ATPases (Harada et al.,
1991).

A direct assembly of chloroplast CF,« and § sub-
units into active CF,(xf) complexes is as yet impos-
sible, since all attempts to isolate pure CF o in a
soluble active form have failed (Jagendorf ez al., 1991).
An assembled active CF, (af)) preparation, containing
an equimolar ratio of « and § subunits, was however
isolated and purified from the spinach membrane-
bound CF,F,. The procedure involves extraction of
coupled spinach thylakoids with 2 M LiCl in presence
of 4mM MgATP (Avital and Gromet-Elhanan, 1990),
followed by fractionation of the resulting extract on
FPLC ion exchange columns (Avital and Gromet-
Elhanan, 1991). In presence of MgATP the purified
CF, («f)-ATPase appears as a mixture of o3 8; and a, 8,
but, unlike with the TF, (a3 f;), removal of MgATP
leads to loss of ATPase activity (Sokolov, Avital and
Gromet-Elhanan, unpublished results).

Such differences in the effect of nucleotides have
carlier been observed when a TF,(o;f,7) ATPase
complex was reconstituted from individual subunits in
the complete absence of Mg and nucleotides (Yoshida
et al., 1977), whereas the assembly of a similar EcF,
ATPase-complex was absolutely dependent on pres-
ence of MgATP (Dunn and Futai, 1980). These re-
ported differences in stability of the partial complexes
of TF,, CF,, and EcF, may be due to some intrinsic
differences in their nucleotide-binding properties. In-
deed, isolated TF,, unlike all other mesophilic F,-
ATPases, has no endogenously bound nucleotides
(Ohta et al., 1980).

The reversible dissociation of the TF, («; ;) hex-
amer into its «, §; dimer in presence of MgAT(D)P,
and the destabilization of the CF, («ff) complexes by
removal of MgATP, complicate at present studies
aimed at comparing their nucleotide binding sites with
those observed on their parent F,-ATPases or on the
isolated o and § subunits.

Allisolated F,(28) complexes are capable of ATP
hydrolysis at rates that vary between 0.4 to 0.8 units/
mg for the TF,(af) complexes (Kagawa et al., 1989;
Miwa and Yoshida, 1989) and 0.05 to 0.2 units/mg for
the CF,(«f) complex (Avital and Gromet-Elhanan,
1991; Gromet-Elhanan and Avital, 1992). When assayed
under identical conditions the activity of TF,(af)
amounts to 10-20% of the activities of its native
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parent TF, or the reconstituted TF,(a; ;7). Such di-
rect comparison is not possible for the CF,(af) com-
plex since the native parent CF, is a latent ATPase
whose activation requires removal of its ¢ subunit and
reduction of a disulfide bond in its y subunit (McCarty
and Richter, 1987). It is therefore not surprising that
CF,(af) is by itself a more active MgATPase than its
parent, latent CF,. Its specific ATPase activity
amounts, however, to about 1% of that observed with
a CF, (afly) prepared by stepwise removal of the § and
¢ subunits from CF, (Patrie and McCarty, 1984).
These F,(2f) complexes thus represent the minimal
catalytic core of their respective F,-ATPases.

The catalytic properties reported to date for the
F,(ap) core complexes are in some respects similar but
in others different from their parent F,-ATPases
(Miwa and Yoshida, 1989; Kagawa et al., 1989; Gro-
met-Elhanan and Avital, 1992). The most interesting
differences involve the effects of inhibitors and sti-
mulators such as tentoxin and azide. Tentoxin is pro-
duced by a plant pathogenic fungus and functions as
a specific effector of CF,-ATPases from sensitive
plants, such as spinach or lettuce (Steele et al., 1976),
inhibiting them at < 1 uM but stimulating at > 100 uM
(Steele et al,, 1978). Unlike the CF;-ATPase the
R. rubrum soluble and membrane-bound RrF;-
ATPase is resistant to even 1 mM tentoxin (Weiss and
Gromet-Elhanan, unpublished results). This dramatic
difference in sensitivity to tentoxin was earlier used to
differentiate between the resistant native RrF,-
ATPase and the sensitive hybrid F,-ATPase formed
by reconstitution of isolated CF, § into S-less R. rubrum
chromatophores (Richter et al., 1986). The spinach
CF,(2f) core complex could bind tentoxin rather
tightly but was only stimulated by it, whereas the
membrane-bound hybrid F,-ATPase, formed by re-
constitution of the same preparation of CF,(«f) into
f-less chromatophores, was fully inhibited by tentoxin
(Gromet-Elhanan and Avital, 1992). These results
indicate that for stimulation by tentoxin the presence
of o« and/or # subunits from a sensitive CF, is enough,
but for inhibition by it other F, subunits are required.
Since in the hybrid all other F, subunits come from the
tentoxin-resistant RrF,, their role in inducing tentoxin
inhibition must be indirect. An indication that the y
subunit is responsible for this indirect effect came
from recent observations that spinach CF,(-§-¢) is
fully inhibited by 3 uM tentoxin (McCarty, personal
communication).

Azide is a general potent inhibitor of membrane-
bound and soluble F,-ATPases, including TF,; and
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CF,. All isolated F,(af) core complexes show, how-
ever, no sensitivity to it (Kagawa et al., 1989; Miwa
and Yoshida, 1989; Gromet-Elhanan and Avital,
1992), whereas the hybrid F,-ATPase formed with
CF,(2f) and f-less chromatophores was fully inhibit-
ed. Azide was reported to inhibit multisite, but not
unisite, ATP hydrolysis by F,, and was therefore sug-
gested to block catalytic cooperativity (Futai et al.,
1989). The observation that all isolated F,(xf) core
complexes are insensitive to azide could therefore
suggest that they lack the functional heterogeneity
observed in F;-ATPases. The TF, (o, ;) complex was,
however, shown to exhibit cooperative kinetics similar
to those of its parent TF,-ATPase (Miwa and Yosh-
ida, 1989). But these results were obtained under con-
ditions that are now known to induce the reversible
dissociation of the o, f; hexamer into its «, f, dimers
(Harada ef al., 1991). Since the dimers are also active
ATPases, the interpretation of such kinetic measure-
ments becomes very complicated.

The isolation of F,(«f) complexes that are active
ATPases, but have lower rates of catalysis than their
parent F;-ATPases and are resistant to inhibition by
tentoxin and/or azide, suggests that the single copy F,
subunits are not required for assembly of these F,-
core complexes nor for their activity. They are, how-
ever, responsible for the 10- to 100-fold increased rates
and for the markedly different properties of the whole
F,-ATPases. The F, («f) complexes can therefore pro-
vide an important tool for elucidating the role of the
single-copy subunits in the structure and function of
the F,-ATPase.

4. SUBUNIT LOCATION OF NUCLEOTIDE-
BINDING SITES

A model for the gross overall location of both
catalytic and noncatalytic nucleotide-binding sites on
the o and f§ subunits of the F,-ATPase is presented in
Fig. 1. It differs from earlier models in depicting the
catalytic as well as noncatalytic sites as being located
at an interface between the « and f subunits, with a
different orientation than that of adenylate kinase.
The absence of a transphosphorylation reaction in F,
(Penefsky and Cross, 1991) raises the possibility of
structural differences between the nucleotide binding
sites of both enzymes, although there are certainly
conserved regions of amino acid sequences that par-
ticipate in such sites in many different enzymes (Ysern
et al., 1988). The model presents one « and two f§



The Catalytic Subunits of the F,-ATPase

Fig. 1. A speculative model for the location of the catalytic (dark
shaded, mainly on the § subunit) and noncatalytic (light shaded,
mainly on the o subunit) nucleotide-binding sites on each isolated
F o and f subunit and on a partially assembled F, complex.

subunits in the assembled state as elongated structures
(Penefsky and Cross, 1991), and in light of the recently
reported quaternary structure of the rat liver mito-
chondrial F, moiety (Bianchet et al, 1991), the S
subunits are protruding above the o subunit and can
interact strongly with it, but not with each other.
The specific new features of this speculative
model were designed as an attempt to explain a num-
ber of poorly understood reported observations (see
Sections 2 and 3 above). Thus, the catalytic site is

situated mainly on the f subunit and the noncatalytic

one mainly on the « subunit, but neither subunit has
a complete nucleotide-binding site, although each of
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them contains parts of both binding sites. This ar-
rangement can explain why all isolated F, p subunits
cannot hydrolyze ATP by themselves, but both an
o, B; dimer and an «,ff; hexamer can do it (Harada
et al., 1991). It also predicts that the binding constants
of the partial binding sites, present on each isolated
individual subunit, might differ from those recorded
for the complete sites on the assembled F, complex, or
even on assembled F, («ff) complexes. Thus, individual
subunits might be able to bind either zero or one or
even two molecules of ATP or ADP (see Section 2
above), depending on the changes in the binding con-
stants induced by the dissociation procedures.

The more detailed presentation of the binding
sites remaining on the individual « and f subunits
after their dissociation (Fig. 1) suggests that most of
the catalytic site remains located on the § subunit and
only a small part of its adenosine moiety appears on
the isolated o subunit. On the other hand, the phos-
phate groups and a small part of the adenosine moiety
of the noncatalytic binding site remain on the isolated
o subunit, but most of the adenosine moiety of this site
appears on the f subunit. This arrangement explains
the findings that two ADP or ATP binding sites could
be identified more easily on the isolated § than on the
isolated « subunit, but only one Pi binding site was
observed on isolated f (see Section 2 above). It also
suggests that direct binding studies with *P might
reveal one Pi binding site also on the « subunit.

The binding change mechanism requires that the
three distinct catalytic sites located on the 8 subunits
of F, communicate with each other via indirect con-
formational changes (Boyer, 1987, 1989). But it does
not specify any function for the noncatalytic sites. If,
as suggested by the quaternary structure of MF,, the
B subunits interact with adjacent « subunit but not
with each other (Bianchet et al., 1991), binding to the
noncatalytic sites on o could play an important role in
guiding the communication between the f subunits.
Indeed, both in EcF,a (Senda et al., 1983) and in
RrF,f (Khananshvili and Gromet-Elhanan, 1986),
occupation of the nucleotide binding site(s) has been
shown to induce large changes in conformation.
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